Background: Chromosomal translocation-induced expression of the chromatin modifying oncofusion protein MLL-AF9 promotes acute myelocytic leukemia (AML). Whereas WNT/β-catenin signaling has previously been shown to support MLL-AF9-driven leukemogenesis, the mechanism underlying this relationship remains unclear. Methods: We used two novel small molecules targeting WNT signaling as well as a genetically modified mouse model that allow targeted deletion of the WNT protein chaperone Wntless (WLS) to evaluate the role of WNT signaling in AML progression. ATAC-seq and transcriptome profiling were deployed to understand the cellular consequences of disrupting a WNT signaling in leukemic initiating cells (LICs). Findings: We identified Six1 to be a WNT-controlled target gene in MLL-AF9-transformed leukemic initiating cells (LICs). MLL-AF9 alters the accessibility of Six1 DNA to the transcriptional effector TCF7L2, a transducer of WNT/β-catenin gene expression changes. Disruption of WNT/SIX1 signaling using inhibitors of the Wnt signaling delays the development of AML. Interpretation: By rendering TCF/LEF-binding elements controlling Six1 accessible to TCF7L2, MLL-AF9 promotes WNT/β-catenin-dependent growth of LICs. Small molecules disrupting WNT/β-catenin signaling block Six1 expression thereby disrupting leukemia driven by MLL fusion proteins.
Introduction
Exceptional cell fate plasticity is a common feature of transformed cells and contributes to their metastatic potential [1] . Disruptions in epigenetic gene regulation as a consequence of genetic mutations can license transcriptional events not native to the cancer cell of origin thus altering cell fate outcomes [2] [3] [4] . Cancers of blood cells are oftentimes associated with mutations in epigenetic regulatory enzymes [5] . For example, fusion of the mixed lineage leukemia (MLL) and myeloid/lymphoid or mixed lineage leukemia; translocation to chromosome 3 (MLLT3, also known as AF9) genes as a consequence of t(9;11)(p22; q23) results in the expression of an oncofusion protein (MLL-AF9) that re-directs the DOTL1 methyltransferase to DNA regions with histone proteins not typically accessible to the enzyme [6] [7] [8] [9] . An understanding of the signaling networks that control deviant transcriptional events as a consequence of alterations in chromatin architecture could define novel anti-cancer therapeutic intervention strategies.
The prevalence of mutations in the WNT pathway suppressor gene adenomatous polyposis coli (APC) in colorectal cancer (CRC) has largely driven the search for WNT inhibitors as potential disease management agents in cancer [10] . Thus a preponderance of our understanding of WNT biology is derived from studies focused on stem cells that give rise to epithelial tissue. The assignment of a role for WNT signaling in leukemia and drug resistance blood cancers [11] [12] [13] [14] [15] was unexpected given that: a) mutations that directly induce WNT signaling typically found in solid tumors have yet to be discovered in this cancer type, and b) β-catenin (CTNNB1) is not essential for adult myeloid cell production [16] .
Palmiteolyation of WNT proteins in the endoplasmic reticulum (ER) by the Porcupine (PORCN) acyltransferase licenses WNTs to engage the secretory pathway chaperone Wntless (WLS) and to exit the intracellular milieu [17] . Disruption of WNT acylation either by small molecule inhibitors of PORCN or genetic elimination of PORCN results in the ER entrapment of WNT ligands due to a failure for them to partner with WLS [18] . Similarly, genetic ablation of WLS compromises the production of all 19 WNT ligands [19] . Despite the plethora of WNT genes in mammals, PORCN remains the only characterized WNT fatty acyltransferase [10] . Small molecules targeting PORCN disable the production of all WNT molecules [19] and are currently in clinical testing as anticancer drugs in WNT-related cancers [10] . A class of small molecules that cripples β-catenin-dependent transcriptional responses to WNT ligands by inhibiting the Tankyrase (TNKS) enzymes represents another frequently used chemical probe set for WNT signaling [20] [21] [22] .
To delineate the molecular program that supports deviant WNT signaling in AML, we have used novel tool compounds targeting PORCN and TNKS, and AML cells harboring a floxed WLS allele to understand WNT pathway architecture in MLL-AF9 induced LICs. We provide evidence that tumor-intrinsic WNT ligand-mediated signaling when coupled with MLL-AF9 expression is sufficient to promote AML progression and that the MLL-AF9 protein licenses the expression of the growth-promoting homeobox gene SIX1 by re-directing WNT/β-catenin control of the TCF7L2 transcriptional effector to SIX1 transcriptional regulatory elements. Our findings detail how epigenetic disturbances enable the rewiring of a master cell fate determination pathway to promote tumor progression and how understanding these cellular re-organization phenomena can be exploited for therapeutic ends.
Materials and methods

Chemical synthesis and reagent
IWR107 was chemically modified based on the structure of IWR1 [20] . Briefly, to a suspension of 1 (1.0 g, 1.81 mmol, 1.0 equiv.; Chen et al. 2009 ) in a mixture of methylene chloride (35 mL) and tetrahydrofuran (70 mL) was added Dess-Martin periodinane (1.5 g, 3.62 mmol, 2.0 equiv) followed by water (65 μL, 3.62 mmol, 2.0 equiv) at room temperature. After stirring for 1.5 h, the volatiles were removed under reduced pressure and the residue was partitioned between ethyl acetate (350 mL) and 10% sodium bisulfate in saturated sodium bicarbonate (200 mL). The organic layer was then washed with saturated sodium bicarbonate (200 mL × 2) and brine (200 mL), dried over anhydrous sodium sulfate, and concentrated to give crude 2 as a yellow solid (783 mg). 1 To a suspension of crude 2 obtained above (387 mg, 0.88 mmol, 1.0 equiv) in anhydrous toluene (8 mL) was added N,Ndimethylethylenediamine (120 μL, 1.06 mmol, 1.2 equiv). After stirring under reflux for 1.5 h, the clear solution was cooled to room temperature and concentrated. The residue was then dissolved in a mixture of methanol (3 mL) and tetrahydrofuran (3 mL). A freshly prepared mixture of sodium borohydride (101 mg, 2.6 mmol, 3.0 equiv) in methanol (3 mL) was subsequently added at 0°C. After stirring at room temperature overnight, acetone (5 mL) was added and the solution was concentrated. The residue was then dissolved in chloroform (40 mL), washed with water and brine, dried over anhydrous sodium sulfate, and concentrated. A solution of the crude product in tetrahydrofuran (30 mL) was treated with DIAION WA30 resin (6 mL) at 50°C for 3 h to give 3 as a white solid after filtration and concentration. 1 IWR1, IWP2 and IWP2G9 were synthesized as described previously [20, 23] . LGK974 was purchased from Active Biochem (Hong Kong).
Cell lines
HEK293T, HeLa, THP1, MV4;11, HL60 and U937 cell lines were purchased from the American Type Culture Collection (ATCC). The MONO-MAC-6 (MM6) cell line was purchased from DSMZ (Germany). The cells were maintained either in DMEM medium (Sigma, HEK293T and HeLa) or RPMI-1640 medium (Sigma, THP1 and MV4;11) supplemented with 10% fetal bovine serum (FBS, Sigma) and 1× PSG (Sigma).
Mice
All animal experiments were performed with the approval of the Institutional Animal Care & Use Committee (IACUC) at the University of Texas Southwestern Medical Center (UTSWMC). Mice were housed in 12-h light/12-h dark cycles and given ad libitum access to food and
Research in the context
Evidence before this study MLL-AF9 is an established driver of acute myelocytic leukemia (AML). The transcriptional activator β-catenin previously has been shown to promote MLL-AF9 driven leukemogenesis. Attempts to exploit this observation to achieve therapeutic goals has been stymied by the limited understanding of WNT signaling in this cancer context and the dearth of small molecules targeting WNT signaling.
Added value of this study
We identified the WNT acyltransferase Porcupine (Porcn) and the Tankyrase enzymes as regulators of a WNT-SIX1 signaling axis that promotes cell growth in MLL-AF9-expressing leukemic cells.
Implications of all the available evidence
Targeting the WNT-SIX1 signaling axis may be useful in leukemias driven by MLL oncofusion proteins.
water at the UTSWMC animal facility. To obtain a specific deletion of Wls in hematopoietic cells of adult mice, 129 mice strain carrying the loxPflanked Wls (Wls-fl/fl) [24] were crossed with C57BL/6 mice strain expressing the tamoxifen-inducible CreER T recombinase under the control of stem cell leukemia (Scl) stem-cell enhancer [25] (Scl-Cre-ER T ) to produce Scl-CreER T ;Wls-fl/fl mice. The Scl-CreER T ;Wls-fl/fl mice were backcrossed with Wls-fl/fl mice for at least 4 generations to obtain a 129 background before used for the study. To obtain a specific deletion of Six1 in hematopoietic cells of adult mice, C57BL/6 mice carrying the loxP-flanked Six1 (Six1-fl/fl) [26] were crossed with HSC-Scl-Cre-ER T mice to generate Scl-CreER T ;Six1-fl/fl mice. The Scl-CreER T ;Six1-fl/fl mice were backcrossed with Six1-fl/fl mice for at least 2 generations before used for the study.
Murine AML model
We used mouse AML model driven by oncogene MLL-AF9 [27] . For virus transduction and AML transplantation, we followed the protocol described previously [28] 
Genotyping
Genotyping was performed to identify positive offsprings or maintain strains using tail tissues, or to verify the targeted excision of genes using whole blood cells of transgenic mice following instructions of REDExtract-N-Amp™ Tissue PCR Kit (Sigma). Primers and PCR conditions were the same as recommended by the creators except for primers used to verify Six1 excision: forward 5' CAC TCG GAG TCT AGC TCA C 3′ and reverse 5' CCT TCA GCT TCA CGG TGT TG 3′, and for PCR conditions verifying Wls and Six1 excision: initial denaturation 94°C 3 min, 34 cycles of 94°C 30 s, 58°C 30 s and 72°C 2 min, and final extension 72°C 10 min.
Induction of Cre activity
Tamoxifen (Sigma) was dissolved in Corn oil (Sigma) at a concentration of 20 mg/mL for 6 h at 37°C with gentle rotation and stored at 4°C afterwards. 100 μL solution was intraperitoneally administered into 7-9 week old mice for 5 days, once daily. Corn oil was used as the vehicle control. Genotyping on whole blood was used to confirm the knockout efficiency after Tamoxifen induction. All experiments were done on transgenic mice of 8-week induction because this duration is enough to induce gene excision to be maximal.
Pharmacokinetic analysis
Male C57BL/6 mice received 40 mg/kg IWR107 or IWP2G9 by oral gavage, 0.2 mL/mouse formulated as 5% DMA, 9% cremophor EL, 1% Tween 80, and 85% of 5% carboxymethylcellulose prepared in 5% dextrose in water, pH 7.4 (D5W). Plasma was processed from the collected whole blood by centrifugation for 10 min at 9600 ×g. A two-(IWP2G9) or four-fold (IWR107) volume of acetonitrile containing formic acid and n-benzylbenzamide internal standard was added to 0.1 mL of plasma to precipitate plasma protein and release bound drug. The supernatant was then analyzed by LC-MS/MS using an ABSciex (Framingham, MA) 3200 Qtrap mass spectrometer coupled to a Shimadzu (Columbia, MD) Prominence LC. The compounds were detected with the mass spectrometer in MRM (multiple reaction monitoring) mode by following the precursor to fragment ion transitions optimized for the instrument: IWR107: 512.2 to 202.1; IWP2G9: 521.1 to 303.3; n-benzylbenzamide 212.1 to 91.1. An Agilent (Santa Clara, CA) XDB C18 column (50 × 4.6 mm, 5 μm packing) was used for chromatography with the following conditions: Buffer A: dH 2 0 + 0.1% formic acid, Buffer B: methanol +0.1% formic acid; 0-1 min 100% A, 1-1.5 min gradient to 100% B, 1.5-2.5 min 100% B, 2.6-3.6 min gradient to 100% A. A value of 3-fold above the signal obtained in the blank plasma was designated the limit of detection (LOD). The limit of quantitation (LOQ) was defined as the lowest concentration at which back calculation yielded a concentration within 20% of the theoretical value and above the LOD signal (1 ng/mL for IWR107 and 5 ng/mL for IWP2G9.) Pharmacokinetic parameters were determined using the noncompartmental analysis tool in Phoenix WinNonlin (Certara Corp., Princeton, NJ.)
Histology
Liver tissues were collected from mice transplanted with YFP + LICs for 21 days and processed for histology as described previously [29] . Images were acquired with NanoZoomer 2.0-HT (Hamamatsu).
Flow cytometry
For analysis of hematopoietic lineage markers in the BMs of mice with specific knockout of Wls or Six1 in hematopoietic cells, we follow protocols described previously [30] . Characterization of MLL-AF9 AML and isolation of the enriched LIC population from BMs of AML mice have been described previously [28] . Fluorescein-labeled antibodies used in the study include: Biotin Mouse Lineage Depletion Cocktail (BD Biosciences); Streptavidin-PerCP-Cy5.5, Sca1-FITC, cKit-APC-Cy7, cKit-PE, FcγR-PE-Cy7, CD34-PacificBlue, FLT3-PE, IL7R-APC, Mac1-APC, B220-PE, CD3-APC, Gr1-PE, Mac1-APC, CD16/CD32, all antibodies are anti-mouse and were purchased from eBiosciences.
Click chemistry
We followed the protocol that has been described previously [31] to measure Wnt lipidation by Porcn inhibitors IWP2 and IWP2G9. The concentration for the indicated compounds used in the study was 10 μM.
In Vitro TNKS activity analysis
IWR1 and IWR107 were serially diluted at the indicated concentrations and used to inhibit human TNKS1 activity (Trevigen) in vitro following the manufacturer's instruction. Curve fitting was performed and IC 50 values calculated with Prism (GraphPad Software).
RNA isolation
Total RNA was isolated from sorted GMP cells, LICs or human AML cells with RNeasy Plus Mini Kit (Qiagen) following the manufacturer's protocol. The concentration was measured on Nanodrop ND-1000 Spectrophotometers (Thermo Fisher Scientific).
Quantitative RT-PCR (qPCR)
First-strand cDNA was synthesized from total RNA using ProtoScript® First Strand cDNA Synthesis Kit (NEB). Samples were analyzed in triplicate of 15 μL reactions on LightCycle480 (Roche). SYBR Green I Master mix was from Roche. Primers are commercially available at Integrated DNA Technologies for mouse Six1 (Mm.PT.58.13903884) and human Six1 (Hs.PT.58.20841096), and at Qiagen for human Ptch1 (QT00075824) and Actb (QT00095431), and mouse Actb (QT01136772) and Wls (QT00113316). The ΔΔCt method was used to calculate the fold change of gene expression.
Colony formation assay
YFP
+ LICs were sorted into 1-mL MethoCult™ GF M3534 medium (STEMCELL Technologies) supplemented with growth factors IL-2, IL-6 and SCF (PeproTech), mixed well and plated into one well of a 12-well plate. Colony numbers were determined on day 6. Mouse bone marrow cells were plated in M3534 medium supplemented with IL-3, IL-6, SCF, Epo and indicated concentration of WNT inhibitors. Colonies were scored on day 3 for CFU-E (colony-forming unit erythroid) and on day 7 for BFU-E (burst-forming unit erythroid), CFU-Mk (megakaryocyte) and myeloid colonies including CFU-G (granulocyte), CFU-M (macrophage) and CFU-GM. Experiments were in triplicate.
Cell proliferation assay
5000 LICs were seeded in each well of 96-well microtiter plates and cultured for indicated time. BrdU addition, cell fixation and permeabilization, and BrdU visualization were performed using the BrdU Cell Proliferation ELISA Kit (Abcam) according to the manufacturer's protocol. The incubation time for DNA incorporation of BrdU was 4 h.
Silver staining
Lyophilized human recombinant WNT1 (Abcam) was dissolved in ddH 2 O. Indicated amounts of proteins were mixed with sample loading buffer and subjected to SDS-PAGE. The gel was washed, fixed, stained and developed using the Pierce Silver Stain Kit (Thermo Scientific) following the manufacturer's protocol. Another identical set of samples on the same gel was used for Western blot analysis.
Western Blotting
HeLa cells were plated at 1 × 10 5 /well in a 24-well pate and grew overnight. 1 × 10 6 BM cells or YFP + LCs from secondary AML were cultured for 6 h in StemSpan™ Serum-free expansion medium (STEMCELL Technologies) supplemented with growth factors IL-2, IL-6 and SCF (PeproTech). Indicated compounds were added onto the cells at a final concentration of 10 μM and allowed to grow for another 24 h. Cell lysate preparation, protein separation and immunoblotting have been described previously [32] . Antibodies used in the study include: β-catenin (BD Pharmagen), TNKS1/2 (Santa Cruz), AXIN1 (Cell signaling), DVL2 (Cell signaling), β-actin (ACTNB, Sigma) and WNT1 (Abcam).
Microarray analysis
RNA quality was checked on Bioanalyzer Nanochip (Agilent Technologies). Samples with RNA integrity number (RIN) N7 were subjected to microarray analysis. mRNA transcription profiling was performed on the MouseRef-8 v2 Expression Beadchip (Illumina). The experimental procedure and data analysis were described previously [33] . Fold change was calculated as the ratio of normalized intensity of treatment group to that of control group. The cutoff for genes to be considered as differentially expressed is set at 1.5 folds. 2.19. ATAC sequencing 50,000 LSK or LIC cells were sorted and subjected to nuclear lysis, transposition and library amplification following the protocol established by [34] . Duplicate samples were used for each cell type. A total of 11 cycles of PCR was used for LICs and 12 for LSKs to amplify the library. The library was size-selected between the range of 100 bp and 1000 bp with Agencourt AMPure XP (Beckman Coulter). Library quality was determined by Bioanalyzer (Agilent). The library was then quantified by Qubit (Thermo Scientific) and the same amount of DNA was subjected to high-throughput sequencing on HiSEquation 2000 (Illumina) with 2 × 75 bp paired-end at a sequencing depth of~33 million reads per sample. The ATAC-seq raw reads alignment, trimming, peak calling and normalization were described previously [35] . The data were visualized on the IGV2.3.91 (Broad Institute) with mouse mm9 assembly, along with bed files from ATAC-seq analysis of LSKs and LSKCs.
Chromatin immunoprecipitation (CHIP) qPCR
Normal mouse BM cells or YFP + leukemic cells were harvested and subjected to ChIP. ChIP was performed with ChIP-IT® Express kit (ActiveMotif) following the manufacturer's instructions. Antibody against TCF7L2/TCF4 (Cell Signaling) was used to precipitate specific DNA fragments. Eluted DNA fragments were analyzed by qPCR using primers partially covering the proximal and distal regions of Six1 TSS upstream. Primers and amplicon sequences are provided in Supplemental Table 1 . Amplicon sequences were also in silico analyzed for TCF/LEF binding motifs using online tool PROMO [36, 37] . Conditions used: Factors of eukaryota and sites of eukaryota.
Human SIX1 expression and TCGA analysis
The analysis of SIX1 expression was done via the web portal BloodSpot [38] . Datasets include GSE42519 of human normal hematopoietic lineage cells, and GSE13159, GSE15434, GSE61804 and GSE14468 of human AML cells. The survival curve was plotted based on the dataset of TCGA [39] .
Statistics
The survival rates of two groups were analyzed using the log-rank test. Cox proportional hazards model were used for multivariate analysis. All other data were expressed as mean ± SD and Student's t-test was used for their statistical analysis. Data were considered statistically significant as P b .05.
Data availability
All raw and processed microarray and ATAC-seq data are deposited in the Gene Expression Omnibus, GSE: 111278.
Results
WNT/β-catenin signaling is a chemical vulnerability in MLL-AF9-driven AML
The β-catenin transcriptional co-activator is essential for MLL-AF9-induced cellular transformation [14] and promotes resistance to various anti-leukemic agents including bromodomain and extra-terminal (BET) motif inhibitors which disrupt the ability of members of the bromodomain (BRD) protein family to recognize acetylated histone protein [12] . To better understand the contribution of WNT signaling to β-catenin function in leukemic cells, we first evaluated the effects of MLL-AF9 leukemic cells exposed in vivo to a PORCN or TNKS inhibitor (Fig. 1a) on their ability to colonize a secondary recipient. These chemicals are next-generation molecules with improvements in pharmacokinetic properties (Supp. Fig. 1 ) that are built upon wellvalidated scaffolds supporting activity against either the presumed active site of PORCN or the adenosine-binding pocket of TNKS1 and TNKS2 [40] . We show that IWR107 and IWP2G9 retain the ability to suppress cytoplasmic and nuclear biochemical markers of WNT signaling in cultured cells (Supp. Fig. 2a) , and either inhibits recombinant TNKS activity, or WNT fatty acylation as determined using a click chemistry-based technique (Supp. Fig. 2b,c) .
We confirmed in MLL-AF9 leukemic cells that these new molecules retain their intended activities using either β-catenin abundance and/ or drug-induced TNKS accumulation as biochemical markers of ontarget activity (Fig. 1b) . These results also demonstrate the expression of TNKS enzymes in WT BM cells and in MLL-AF9 leukemic cells, and the existence of cell-autonomous WNT signaling activity in these populations based on the PORCN inhibitor activity. We also noted the elevated expression of β-catenin in MLL-AF9 leukemic cells compared to WT BM cells that was sensitive to PORCN inhibition suggesting higher levels of WNT-dependent signaling in the transformed cells and the ability to restore to some extent homeostatic levels of β-catenin using a small molecule-based strategy. We noted that WNT inhibitors targeting PORCN or TNKS did not impact the differentiation of blood cells or colony formation ex vivo consistent with previous results demonstrating the absence of effects on blood homeostasis by chemically disabling WNT signaling [18] (Supp. Fig. 2d,e) .
To evaluate the effects of a PORCN or TNKS inhibitor on AML disease progression, we turned to a serial leukemic cell transplantation model of AML using secondary recipient and circulating leukemic cell numbers as read-outs [28] (Fig. 1c) . Decreased numbers of circulating leukemic cells and increased survival time in animals transplanted with enriched LIC population (YFP + Mac1 + cKit + ) exposed to either IWR107 or IWP2G9 when compared with drug carrier alone in the secondary host were observed ( Fig. 1d-e ; Supp. Fig. 2f and Supp. Fig. 3 ). The overall benefit seen with the WNT inhibitors was also evident in decreased presence of AML cells infiltrating the liver in the secondary host (Fig. 1f) . Thus, transient systemic suppression of WNT/β-catenin signaling impacts the ability of AML LICs to promote disease.
Cell-autonomous WNT signaling contributes to AML progression
Tumor intrinsic WNT signaling has been previously associated with the ability of cancerous cells to abandon their native niche and to metastasize [41, 42] . To determine if cell-autonomous WNT signaling contributes to AML progression, we performed a similar serial transplantation experiment as previously described for evaluating the WNT pathway inhibitors but using instead MLL-AF9 expressing retrovirus (co-expressing YFP marker) transduced granulocyte-monocyte progenitors (GMP, Lin − Sca-1 − c-Kit + FcγR + CD34 + , Supp. Fig. 4 ) lacking the WNT chaperone Wls in lieu of WT cells (Fig. 2a) . We used a Wls floxed animal and tamoxifen-inducible Cre expression driven by the stem cell leukemia (Scl) promoter [30] to achieve targeted deletion of Wls in hematopoietic cells. Consistent with the absence of impact of a PORCN inhibitor or genetic elimination of PORCN on normal hematopoiesis [18] , elimination of Wls (Fig. 2b-c) had little effect on normal hematopoiesis as determined using counts of differentiated blood cells (Fig. 2d-f ) and hematopoietic stem and progenitor cells ( Fig. 2g-l ; Supp. Fig. 4) . Similar to the observations that stem from our chemically based experiments (see Fig. 1e ), we observed a significant life extension in animals implanted with Wls null leukemic cells compared to Wls WT leukemic cells suggesting cell-autonomous WNT signaling contributes to the pathogenesis of AML (Fig. 2m) . Supporting this hypothesis, LICs lacking Wls expression grew more slowly in culture compared to those with Wls expression (Fig. 2n) . Decreased levels of BrdU incorporation suggest a slower rate of proliferation in the Wls null LICs compared with those expressing Wls mRNA (Fig. 2o) . Our chemical and genetic observations when taken together delineate a mechanistic understanding of PORCN and TNKS inhibitor responses in animals harboring AML leukemic cells and reveal a contribution of tumor-intrinsic WNT/β-catenin signaling in AML progression (Fig. 2p) .
Transcriptional profiling identifies the six1 homeobox gene as an atypical target of WNT/β-catenin signaling in AML
In response to certain Wnt ligands, nuclear accumulation coupled with biochemical changes in β-catenin induces activation of the TCF/ LEF family of DNA binding proteins [43] . To determine if PORCN, TNKS, and WLS regulate transcriptional output in AML LICs we performed transcriptome profiling in LICs isolated from animals treated with either IWP2G9 or IWR107, or that lack Wls expression ( Fig. 3a ; Supp. Table 1 ). The superimposition of genes with shared responses to these perturbations returned down-regulated genes known to suppress WNT-mediated signaling (Igfbp4 and Shisa2) [44, 45] , suggesting the presence of WNT pathway feed-forward signaling mechanisms in LICs akin to those seen in other tissues [43] . At the same time, the induction of many histone genes coupled with the decrease in circulating leukemic cells in peripheral blood observed with loss of WNT signaling suggests a stalling in the LIC cell cycle [46] .
The most extensive gene expression change was associated with the DNA binding protein SIX1. SIX1 along with its binding partner Eyes absent (EYA) and the other SIX and EYA family members play pivotal roles in metazoan organogenesis [47, 48] . Mutations in either SIX1 or EYA1 result in branchio-oto-renal (BOR) syndrome which is associated with several developmental defects including those of the heart, ear, and kidney [49] . We confirmed that Six1 mRNA expression indeed is reduced in LICs following exposure to a PORCN or TNKS inhibitor using quantitative RT-PCR (qPCR) analysis (Fig. 3b) . Furthermore, we observed a nearly 20-fold increase in Six1 mRNA expression in MLL-AF9 expressing LICs compared to WT hematopoietic stem/progenitor population LSKs (Lin − Sca1 + cKit + ; Fig. 3c ) suggesting that WNT/β-catenin signaling controls a developmental program not typically found in hematopoietic cells. Increased expression of SIX1 and EYA1 has also been previously reported in MLL-AF9 transformed leukemic cells [50, 51] .
WNT1 regulates Six1 expression in LICs
Disruption of WNT signaling by either chemical or genetic attack of PORCN reduces Six1 expression in MLL-AF9 transformed LICs. We profiled the mRNAs encoding any of the 19 WNT proteins in MLL-AF9 LICs and normal LSKs in order to identify changes in Wnt gene expression that may contribute to the induction of Six1 expression in MLL-AF9 cells (Fig. 3d) . We identified four mRNAs encoding WNT proteins to be altered by expression of MLL-AF9: Wnt1, Wnt5a and Wnt5b were induced whereas Wnt10a was reduced. We selected WNT1 for further evaluation given the abundance of its mRNA was the most altered among WNT family member mRNAs associated with MLL-AF9 expression. Exposure of LICs to recombinant WNT1 induced expression of Six1 mRNA in a TNKS-dependent fashion (Fig. 3e-f) suggesting WNT1 promotes β-catenin-dependent expression of Six1 in MLL-AF9 transformed cells and that both IWP2G9 and IWR107 at least in part counteract WNT1 signaling.
SIX1 is essential for MLL-AF9-driven AML but not normal adult hematopoiesis
We directly tested the role of SIX1 in adult blood cell formation with the targeted deletion of Six1 in the hematopoietic system using the strategy employed to evaluate the role of Wls on hematopoiesis (Fig. 4a-b) . A survey of cell numbers for differentiated and stem/progenitor blood cell types revealed no discernible difference in blood cell development in animals with WT or Six1 null background (Fig. 4c-k) . In support of these observations, hematopoietic defects have not been reported in BOR syndrome patients harboring autosomal dominant mutations in either SIX1 or EYA1 [52] .
We next evaluated the role of SIX1 in AML progression using targeted deletion of Six1 in hematopoietic cells followed by transformation of isolated Lin − cells with MLL-AF9 expressing retrovirus (Fig. 4l) .
Compared with WT LICs, Six1 null LICs had little/no detectable Six1 expression and reduced ability to form colonies when cultured in vitro (Fig. 4m) . Decreased levels of BrdU incorporation suggest a slower rate of proliferation in the Six1 null LICs compared with those expressing Six1 mRNA (Fig. 4n) . When transplanted into secondary hosts, the percent of LICs isolated from the bone marrow of Six1 null animals was~2-fold less than those observed with WT cells (Fig. 4o) . Consistent with this observation, Six1 null leukemic cells were less frequently observed in circulating blood compared with WT leukemic cells (Fig. 4p) . Overall, the diminished ability of the Six1 null LICs to populate the secondary host likely accounts for the extension in life span seen in these animals compared with those inoculated with Six1 WT LICs (Fig. 4q ).
Chromatin remodeling by MLL-AF9 installs a WNT/SIX1 signaling apparatus in LICs
Much of our understanding of how MLL-AF9 promotes tumorigenesis is inferred from MLL-AF9-associated gene expression changes, or the identification of genomic loci potentially subject to MLL-AF9-induced chromatin remodeling using ChIP-seq analysis [6, 14, 27, 50, 53, 54] . We used assay for transposase-accessible chromatin using sequencing (ATAC-seq) to better understand the contribution of MLL-AF9 induced chromatin changes to the assembly of a WNT/SIX1 signaling axis ( Fig. 5a ; Supp. Fig. 5 ; Supp. Table 2 ). Among the genes we have identified with chromatin accessibility changes using this approach that were previously shown to be bound by MLL-AF9 [6] were several that are essential for AML development (Hoxa9, Meis1, Jmjd1c) in addition to Six1 and Eya1 (Fig. 5b) . Co-expression of the HOXA9 and MEIS1 homeobox proteins is sufficient to induce AML in mice [14] whereas the histone demethylase JMJD1C is required for disease progression [55, 56] . MLL-AF9 altered transposase accessibility of two genomic regions within 10 kb of the Six1 transcriptional start site (Fig. 5c) . Using ChIPqPCR, we demonstrated that DNA sequences containing consensus TCF/LEF binding motifs within these Six1 proximal genomic regions were associated with TCF7L2 binding in an MLL-AF9-dependent manner ( Fig. 5d ; Supp. Table 3 ). TCF7L2 is one of four TCF/LEF gene family members and has been associated with β-catenin-dependent transcriptional responses that promote resistance to inhibitors targeting the chromatin reader BRD4 in MLL-AF9 leukemic cells [57] . These observations taken together suggest MLL-AF9 alters the accessibility of TCF/LEF transcriptional regulatory elements controlling SIX1 expression thus placing SIX1 under WNT-mediated control in LICs.
3.7. Six1 is a potential biomarker for targeting WNT signaling in some forms of human MLL rearranged AML Our studies in mice have revealed a role for a WNT/SIX1 signaling axis in AML progression. To investigate if this signaling axis plays roles in human leukemia, we profiled a panel of human AML cell lines for their Six1 mRNA expression (Fig. 6a ). Among these cell lines, THP1 (MLL-AF9 re-arrangement) and MV4;11 (MLL-AF4 re-arrangement) cells manifest higher Six1 expression. We next tested the impact of the PORCN inhibitor LGK974 on Six1 expression in both cell lines. Similar to the effects seen with our compound IWP2G9, LGK974 was found to target the WNT acyltransferase PORCN and is currently in clinic testing. LGK974 inhibits Six1 expression (Fig. 6b) and reduces cell growth of both cell lines (Fig. 6c-d) . To test if the growth inhibition is Six1-dependent, we established stable cell lines expressing Six1 in both cell lines. As expected, Six1 overexpression partially rescued the growth inhibition by LGK974 in THP1 (Fig. 6c ) and MV4;11 cells (Fig. 6d) . To further investigate the broader relevance of Six1 in human leukemogenesis, we explored publically available datasets and provide two lines of evidence to support the role of Six1 in AML. First, primary AML cells that harbor MLL-AF9 gene re-arrangements exhibit elevated SIX1 expression level when compared with that found in normal hematopoietic stem and progenitor cell types (Fig. 6e) . Second, we observed a significant increase in mortality~5 years after diagnosis in M4 and M5 The Kaplan-Meier plots were generated using gene expression data of 183 AML patient samples from TCGA [39] . High and low SIX1 expression is defined as above and below the median of expression values across all patient samples, respectively. AML subtype patients with elevated SIX1 expression (Fig. 6f) . Notably, MLL-AF9 AML is most commonly associated with these subtypes of AML [58] . In addition, age and the FAB subtype M5 are risk factors when analyzed with the multivariate Cox proportional hazards model (Supp. Table 4 ).
Discussion
The ease in which the forced expression of only four proteins (Yamanaka factors) can transform differentiated cells into those with pluripotent properties reveals a previously unimaginable level of plasticity in adult cells [59] . Cancerous cells to different degrees emerge from this inherent cellular plasticity. Whereas anti-cancer strategies premised upon directly targeting the epigenetic machinery are in development and have seen some initial responses [3] , the rewiring of wellestablished signaling programs by epigenetic alterations that ultimately fuel tumor growth as described here offers unanticipated therapeutic opportunities with potentially robust companion biomarkers (Fig. 7) . The non-essentiality of WNT/β-catenin signaling to adult hematopoiesis also contributes to the potential of PORCN inhibitors as a point of intervention in MLL-AF9-driven tumors [16, 18] .
Persistent exposure of some adult stem cells to WNT ligands, such as those in the gut and liver, is required to prevent their differentiation and premature loss of tissue renewal capacity [43] . Our results reveal two types of WNT pathway alterations introduced by MLL-AF9 expression in LICs. First, changes in chromatin accessibility are observed in several WNT genes (Wnt1, 2B, 3A, 6, 9B, and 11) with one of these (Wnt1) also shown to be transcriptionally altered (see Fig. 3 and Supp. Table 2 ). Although the chemical and genetic evidence presented here suggest that LIC-intrinsic WNT signaling is critical in experimental models of AML, they clearly do not eliminate a disease-supporting role for WNT ligands produced from other cells in the niche [60] . Indeed, we note that loss of Wls in the LICs only delays disease progression. It is also conceivable that the contribution of non-canonical WNT signaling to the development of AML was not illuminated by our focus on molecular changes as a consequence of disabling WNT/β-catenin signaling using both PORCN and TNKS inhibitors. Second, chromatin changes to DNA proximal to Six1 that harbor TCF/LEF binding elements license WNT/β-catenindependent regulation of SIX1 expression (see Fig. 7 ). We speculate that WNT-dependent regulation of SIX1 expression albeit foreign in the context of hematopoiesis, is not an innovation of diseasepromoting cells but rather a mechanism used in embryonic development, adult tissue maintenance, or both. Indeed, some observations indirectly linking WNT signaling and SIX1 expression in developmental processes suggest this could be the case [61, 62] .
Whereas our studies have focused on MLL-AF9-driven tumors primarily given the reliability of MLL-AF9 for delivering a pre-clinical model of AML in mice, translocations that give rise to MLL-AF9 represent only a minor percentage of all AML (2-5%) [63] . However, a greater portion of childhood AMLs (25%) are associated with MLL-AF9 expression thus warranting additional resources to evaluate the role of WNT signaling in these pediatric cancers [63] . Indeed, a broader role of WNT signaling in AML is implicated from the results of DNA methylation analysis in pediatric AML cases where the majority is associated with one or more changes in well-established WNT pathway suppressors such as AXIN2 or DKK1 [11] .
A more general role of SIX1 in hematological malignancies is also inferred from its induced expression in MLL-ENL AML and in Hodgkin lymphoma [51, 64] . In addition to other proteins, SIX1 is also known to directly regulate the cell cycle machinery by transcriptional control of several of its components thus potentially providing a mechanistic account of SIX1 function in AML [65, 66] . Conversion of SIX1 from a transcriptional suppressor to an activator is dependent upon the phosphatase activity of EYA1 [67] . This activity is necessary for the recruitment of transcriptional co-factors such as CREB-binding protein (CBP) [67] . Indeed, the ability of EYA1 overexpression to immortalize hematopoietic progenitor cells suggests that it plays an important role in cellular transformation [51] .
Our studies identify two chemically actionable targets -PORCN and the TNKS enzymes -that regulate a WNT-SIX1 oncogenic pathway in leukemogenesis. Whereas LGK974 has progressed to clinical testing, the TNKS inhibitors have yet to see human experience [68] . Thus, PORCN inhibitors may afford a path to targeting a subset of AMLs. Although not yet formally established in the context of AML that EYA1 is required for SIX1 activity, previous observations that support the concomitant induction of SIX1 and EYA1 by MLL-AF9 [50, 51] , and the evidence provided here that implicate a direct effect of MLL-AF9 activity on SIX1 and EYA1 expression (see Fig. 5B ) suggests that small molecules that target EYA1 should also be investigated for therapeutic utility in hematological malignancies [69] .
